Aichi virus, which is associated with human acute gastroenteritis (41), is a member of the genus Kobuvirus of the family Picornaviridae (31, 42). This virus was first isolated in 1989 from a stool specimen from a patient with oyster-associated nonbacterial gastroenteritis in Aichi, Japan (41), and the complete genome sequence was determined in 1998 (42). The single-stranded, positive-sense RNA genome of Aichi virus consists of 8,280 nucleotides (nt) and a poly(A) tract and encodes a polyprotein of 2,432 amino acids (aa) (34, 42) . One of the features of the genome organization of Aichi virus is that it encodes a leader (L) polypeptide upstream of the capsid coding region.
Aichi virus, which is associated with human acute gastroenteritis (41) , is a member of the genus Kobuvirus of the family Picornaviridae (31, 42) . This virus was first isolated in 1989 from a stool specimen from a patient with oyster-associated nonbacterial gastroenteritis in Aichi, Japan (41) , and the complete genome sequence was determined in 1998 (42) . The single-stranded, positive-sense RNA genome of Aichi virus consists of 8,280 nucleotides (nt) and a poly(A) tract and encodes a polyprotein of 2,432 amino acids (aa) (34, 42) . One of the features of the genome organization of Aichi virus is that it encodes a leader (L) polypeptide upstream of the capsid coding region.
Among picornaviruses besides Aichi virus, aphtho-, cardio-, erbo-, and teschoviruses (10) and porcine enterovirus 8 (18) encode L proteins. The L protein of foot-and-mouth disease virus (FMDV), an aphthovirus, is produced in two forms, Lab and Lb, through initiation of translation at two in-frame AUG codons located 84 nt apart (3) . Both forms of the FMDV L protein are papain-like thiol proteinases that cleave at their own C termini (23, 30, 36) . In addition, the FMDV L protein cleaves a eukaryotic translation initiation factor, eIF4G (9) , contributing to the shutoff of host cap-dependent protein synthesis. The shutoff of host protein synthesis leads to inhibition of alpha/beta interferon production. The L deletion mutant of FMDV can replicate and spread in non-interferon-responsive baby hamster kidney (BHK) cells (29) . However, it can replicate but cannot spread in secondary cells from susceptible animals, such as bovine, ovine, and porcine cells (8) . This is associated with the inability of the L deletion mutant to inhibit cap-dependent alpha/beta interferon mRNA translation (7, 8) . The erbovirus L protein also has autocatalytic activity but does not cleave eIF4GI (15) .
The cardiovirus L proteins have neither the amino acid sequence motif characteristic of picornavirus proteases nor autocatalytic activity. They are released from a polyprotein by viral protease 3C (27, 33) . The L protein of the GDVII strain of Theiler's murine encephalomyelitis virus (TMEV) has been shown to be essential for neurovirulence in mice (6) . In addition, it has been reported that L mutants of TMEV and mengovirus exhibit distinct growth properties depending on the host cells: certain L mutants of TMEV and mengovirus can spread in BHK cells but not in mouse L929 cells (1, 40, 43) . For the GDVII strain of TMEV, it has been shown that the L deletion mutant has a defect in the assembly of virions in L929 cells (1) , which mainly causes the inability of the mutant to spread in L929 cells. On the other hand, for the DA1 strain of TMEV and mengovirus, the L proteins have been reported to be involved in the inhibition of alpha/beta interferon production by L929 cells (40, 44) . Furthermore, in the case of encephalomyocarditis virus, it has been suggested that the L protein is involved in internal ribosome entry site-mediated translation of viral RNA (11, 17) .
The Aichi virus L protein does not exhibit significant homology to other picornavirus L proteins in either the amino acid sequence or the sequence motif found in picornavirus proteases (42) . In this study, we investigated the function of the L protein in virus replication, using various mutants derived from a full-length infectious cDNA clone. Deletion of 93 aa of the center part, 50 aa of the N-terminal part, or 90 aa of the C-terminal part of the L protein abolished viral RNA replication. Deletion of 50 aa of the C-terminal part did not affect RNA replication ability but, remarkably, reduced plaque-forming ability. Sedimentation analysis of viral particles generated KpnI-BglII fragment with deletion of nt 1276 to 3771, generating pAV-FL⌬P1. To introduce a stop codon at nt 5335, two oligonucleotides, XhoStop-P (5Ј TCGACTAAGAGAGAGA 3Ј; the stop codon is underlined) and HindStop-M1 (5Ј AGCTTCTCTCTCTTAG 3Ј; the stop codon is underlined), were annealed with each other, and the derived double-stranded oligonucleotide adapter with protruding single-stranded XhoI and HindIII ends was ligated into the XhoI (nt 5329)-HindIII [just downstream of the poly(A) tail] sites of pAV-FL⌬P1. The generated plasmid was called p⌬P1-Xho.
(vi) p⌬P1⌬BglStu-Csp. pAV-FL⌬P1 was digested with BglII (nt 3914) and StuI (nt 4644 and 5056), and the resultant largest fragment was blunt ended and then self-ligated, yielding p⌬P1⌬BglStu. To introduce a stop codon at nt 6487, two oligonucleotides, CspStop-P (5Ј CGAATAAGAGAGAGA 3Ј; the stop codon is underlined) and HindStop-M2 (5Ј AGCTTCTCTCTCTTATT 3Ј; the stop codon is underlined), were annealed with each other, and the resultant double-stranded oligonucleotide adapter was ligated into the Csp45I (nt 6481)-HindIII [just downstream of the poly(A) tail] sites of p⌬P1⌬BglStu. The derived plasmid was called p⌬P1⌬BglStu-Csp.
(vii) Deletion mutants. A deletion was introduced into pU-ES by PCR using the primers shown in Table 1 . The PCR product was self-ligated, and the nucleotide sequence between the SpeI (nt 403) and SmaI (nt 1384) sites of the derived plasmid was confirmed. This SpeI-SmaI fragment harboring the deletion was ligated into pAV-FL, which had been digested with SpeI and SmaI.
(viii) pLfs. A deletion mutation of the adenine at nt 765 was first introduced into pU-ES by PCR using primers 766P and 764M (Table 1) , and the amplified DNA fragment was self-ligated. After the nucleotide sequence between the SpeI and SmaI sites of the derived plasmid had been confirmed, the second PCR was performed with primers 1234P and Ains-1233M (Table 1 ) using this plasmid as the template, with an adenine inserted between nt 1233 and 1234. The PCR fragment was self-ligated, and the nucleotide sequence between the SpeI and SmaI sites of the derived plasmid was confirmed again. Then, this SpeI-SmaI fragment with the two mutations was ligated into pAV-FL, which had been digested with SpeI and SmaI.
In vitro transcription-translation. In vitro translation using rabbit reticulocyte lysate (RRL) was carried out with a TNT quick-coupled transcription-translation system (Promega). Each plasmid was reacted in the reaction mixture at a concentration of 25 g/ml with or without biotinylated lysyl-tRNA (Promega) or
35 S] in vitro cell-labeling mix; Amersham) at 30°C for various times. One microliter of the reaction mixture was subjected to sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis (SDS-10% PAGE). Biotin-labeled translation products were detected by chemiluminescence using a BM chemiluminescence blotting kit (biotin-streptavidin) (Roche Molecular Biochemicals) as described previously (34) . For the detection of 35 S-labeled products, the gel was dried and then exposed to a Fujifilm imaging plate. Radioactive signals were detected with a phosphorimager (FUJIX BAS1000).
Cleavage assay. The in vitro translation reaction mixture (10 l) of pL-VP0 or pL-VP0(Q170P), which had been reacted in the presence of biotinylated lysyltRNA, was mixed with 2 l of the reaction mixture of p3A-D, which had been reacted in the absence of labeled amino acids, and 1 l of an RNase A solution (10 g/ml), followed by incubation at 37°C. In the indicated case, 1 mM phenylmethylsulfonyl fluoride (PMSF), 2 g of aprotinin/ml, 1 g of pepstatin/ml, and 2 mM EDTA were added to the reaction mixture. After incubation for various times, samples were taken from the cleavage reaction mixture, and 1 l of each sample was analyzed by SDS-PAGE. Biotin-labeled proteins were detected as described above. Expression of the L protein in E. coli. The L coding region was amplified by PCR with primers Nde-L-P (5Ј AACATATGGCTGCAACACGGGTTTCAC 3Ј; plus-strand sequence; nt 745 to 766; the NdeI site is underlined) and Hind-L-M (5Ј TTAAGCTTTTGCCGTTGGAGGTTAGTGGTA 3Ј; minus-strand sequence; nt 1233 to 1254; the HindIII site is underlined), using pAV-FL as the template. The PCR product was cloned into the pGEM-T vector, and the L coding region of the derived clone was sequenced. The NdeI-HindIII fragment of the clone containing the L coding sequence was ligated into the same sites of pET-21a (Novagen), which provided a C-terminal polyhistidine tag (His tag) on the L protein, and the derived plasmid was called pET-L. Escherichia coli BL21(DE3) transformed with pET-L was grown at 37°C in Luria-Bertani broth containing ampicillin until the optical density at 600 nm reached 0.6. Isopropyl-␤-D-thiogalactopyranoside (IPTG) was added to the culture to a final concentration of 1 mM, and the cells were cultured for 2 h. The cells were harvested, and inclusion bodies were purified using BugBuster protein extraction reagent (Novagen) according to the manufacturer's protocol. The inclusion bodies were lysed with 6 M guanidine-HCl, and the His-tagged protein was purified with a HisTrap kit (Pharmacia) under denaturing conditions according to the manufacturer's recommendations. Since SDS-PAGE analysis of the purified fraction revealed two proteins, a major 20-kDa protein and a minor 18-kDa one, the 20-kDa protein, whose molecular mass corresponded to that expected for the L protein plus a His tag, was eluted from the gel electrophoretically. A guinea pig was immunized with the eluted protein in Freund's incomplete adjuvant three times at 3-week intervals.
Synthesis of RNA transcripts. pAV-FL and the mutants were linearized by digestion with HindIII and then transcribed with T7 RNA polymerase using a T7 RiboMAX express large-scale RNA production system (Promega). The integrity of the synthesized RNAs was confirmed by agarose gel electrophoresis.
Immunoblotting. Vero cells were transfected with RNA transcripts by electroporation as described previously (34) , and at various times after electroporation, cells were lysed in 200 l of lysis buffer (20 mM Tris-HCl [pH 7.4], 1% sodium deoxycholate, 1% Triton X-100, 0.1% SDS). The lysates (1.5 l) were analyzed by SDS-PAGE, and then the proteins were blotted onto a polyvinylidene difluoride membrane. Immunoblotting analysis was performed with guinea pig antiserum raised against the Aichi virus L protein, as described previously (34) .
Titration of viable viruses generated from transcripts. Vero cell monolayers in 35-mm-diameter dishes were transfected with 1 g of in vitro transcripts using Lipofectamine Plus reagent (Life Technologies). After incubation at 37°C for 3 h, 1.5 ml of growth medium was added to each dish, and then the cells were incubated for 72 h. The cells were lysed by three consecutive freeze-thaw cycles, and the lysates were used for the plaque assay. The number of plaques was determined 72 h after infection. Dot blot hybridization. Vero cells were transfected with RNA transcripts by electroporation. Total RNA was extracted from the transfected cells using Trizol reagent (Life Technologies) at various times after electroporation. Using these total-RNA samples, dot blot hybridization was carried out to investigate the accumulation of viral positive-strand RNAs in cells as described previously (34) .
Analysis of protein synthesis in cells transfected with RNA transcripts. Vero cells were electroporated with RNA transcripts and then cultured in several 35-mm-diameter dishes with growth medium. After 2 or 5 h, the medium in each dish was replaced with 0.7 ml of methionine-free MEM, and then a total of 40 Ci of [
35 S]methionine-cysteine was added. After incubation for 1 h, the cells were washed with phosphate-buffered saline and then lysed with 200 l of lysis buffer. The lysates (1.5 l) were analyzed by SDS-PAGE. The gel was dried, and radioactive signals were detected with a phosphorimager as described above. The intensity of each band was quantified with the NIH Image program.
Preparation of radiolabeled viruses and sucrose gradient analysis. The methods used for the preparation of radiolabeled viruses and sucrose gradient analysis were described previously (35) . Briefly, Vero cells were electroporated with RNA transcripts and then cultured in growth medium for 2 h. The medium was replaced with MEM without methionine, and then [
35 S]methionine-cysteine was added. After 4 h, the cells were lysed, and the viral particles were precipitated through a sucrose cushion. The pelleted viral particles were resuspended in phosphate-buffered saline and then sedimented through a 10 to 30% sucrose gradient. The gradients were fractionated, and the radioactivity in each fraction was counted with a liquid scintillation counter. A part of the fraction containing virions or empty capsids was analyzed by SDS-PAGE, and radioactive signals were detected with a phosphorimager.
RESULTS

Aichi virus L protein exhibits no autocatalytic activity.
Analysis of the N-terminal sequence of VP0 was not successful, probably due to its blocked N terminus (42) . However, a GlnGly pair, which is the typical recognition site of picornavirus 3C proteinase, is present at aa 170 and 171. In addition, the glycine residue at aa 171 constitutes a myristoylation motif (GXXXT), which is found at the N termini of the VP0 sequences of most picornaviruses (Fig. 1A) . Based on these observations, Yamashita et al. (42) predicted that the Aichi virus L protein would be released from a polyprotein through cleavage by 3C at the Gln 170 -Gly 171 pair. First, we examined whether the Aichi virus L protein has autocatalytic activity. The L-VP0 region ( Fig. 1A ; pL-VP0) was translated in RRL in the presence of biotinylated lysyl-tRNA. As a control, p3A-3D harboring the sequence encoding the C-terminal three-fourths of 3A to 3D (aa 1676 to 2432) was used (Fig. 1A) . When the 3A-3D region was translated, three products that were thought to be 3CD, 3D, and 3C were found (Fig. 1B, lanes 3 and 4) . In contrast, pL-VP0 produced a 58-kDa protein after a transcription-translation reaction at 30°C for 90 min; this molecular mass corresponded to that of L plus VP0 (lane 2). These results indicate that the Aichi virus L protein has no autocatalytic activity.
Next, we examined whether 3C cleaves the L-VP0 protein at the Gln 170 -Gly 171 pair. A plasmid, pL-VP0(Q170P), was constructed by introducing a mutation that changes the glutamine at aa 170 to a proline in pL-VP0 (Fig. 1A) . pL-VP0 and pL-VP0(Q170P) were subjected to a transcription-translation reaction in RRL containing biotinylated lysyl-tRNA. This labeling method was chosen because the predicted amino acid sequences of L and VP0 include seven and six lysines, respectively. Then, each reaction mixture was incubated with the unlabeled p3A-3D translation products for various times. The pL-VP0(Q170P) product was not cleaved on incubation with the unlabeled p3A-3D translation products even after incubation for 1 h at 37°C (Fig. 1C, lanes 6 to 9) . In contrast, cleavage of the pL-VP0 product was observed after incubation for only 10 min (lane 3), and after 1 h of incubation, almost all L-VP0 had been cleaved (lane 5). However, we could detect only a cleavage product with mobility corresponding to that of VP0, i.e., not one corresponding to L (lanes 2 to 5). This suggests the possibility that the cleaved L is rapidly degraded. Protease inhibitors (1 mM PMSF, 2 g of aprotinin/ml, 1 g of pepstatin/ml, and 2 mM EDTA) were added to the cleavage reaction mixture, and aliquots of the reaction mixture were taken at various times, including 1, 2, and 5 min, and subjected to SDS-15% PAGE. L-VP0 was cleaved in the presence of protease inhibitors, but L or its smaller cleavage products were not detected even after short incubations (Fig. 1D) . The predicted amino acid sequence of the L protein includes one methionine and five cysteines. We performed the same experiment with [ 35 S]methionine-cysteine-labeled L-VP0. Similarly, a cleavage product corresponding to VP0 was detected, but we failed to detect products corresponding to L or its smaller cleavage products (data not shown). The cause of the failure to detect L is unknown. However, these results suggest that L-VP0 is cleaved by 3C at the Gln 170 -Gly 171 pair.
The Aichi virus L protein is not involved in polyprotein cleavage. To examine whether the Aichi virus L protein is involved in polyprotein cleavage, we constructed three plasmids, p5Ј-Bgl, p⌬P1-Xho, and p⌬P1⌬BglStu-Csp (Fig. 2A) . p5Ј-Bgl harbors the sequence spanning from nt 1 to 3919, encoding L to the N-terminal one-third of 2A. p⌬P1-Xho contains the sequence spanning from nt 1 to 5334 with an in-frame deletion of the entire P1 coding region except for the Nterminal 7 amino acids of VP0 and the C-terminal 7 amino acids of VP1. p⌬P1⌬BglStu-Csp harbors the sequence from nt 1 to 6486, encoding L to the N-terminal two-thirds of 3C with two in-frame deletions, almost the entire P1-coding region and the region encompassing 2A to 2C. As shown in Fig. 2A , the three plasmids cover all predicted cleavage sites except the 3C-3D site, which was shown to be cleaved by 3C, as described above (Fig. 1B) . These three plasmids were subjected to transcription-translation reactions in RRL containing [ 35 S]methionine-cysteine at 30°C for 90 min. Each plasmid produced one major protein with the expected molecular mass (Fig. 2B) , indicating that the L protein has no ability to cleave the polyprotein.
Expression of the L protein in infected Vero cells. As shown in Fig. 1C and D, we failed to detect the L protein in the in vitro translation-cleavage experiment. One possible explanation for this failure is that the L protein is unstable. We investigated whether the L protein is stably present in infected Vero cells.
The C-terminally His-tagged L protein was expressed in E. coli. The predicted molecular mass of the His-tagged L protein is 20.9 kDa. After induction, the expression of a 20-kDa protein was observed (Fig. 3A, lane 3) . In addition, a protein of 18 kDa was expressed at a lower level. Since the fractions purified with an Ni affinity column contained this minor protein in addition to the major 20-kDa one (Fig. 3A, lane 4) , the 20-kDa protein was eluted from the gel and used to immunize a guinea pig.
The RNA transcript synthesized from an infectious cDNA clone of Aichi virus, pAV-FL, was transfected into Vero cells Below the diagram of pL-VP0, the predicted amino acid sequence around the L-VP0 junction is shown with the myristoylation motif. In pL-VP0(Q170P), a glutamine residue at aa 170 is mutated to a proline. In pAV-FL, pL-VP0, and pL-VP0(Q170P), the Aichi virus sequence is located downstream of the T7 promoter sequence, and in p3A-3D, the Aichi virus sequence is under the control of the SP6 promoter. (B) In vitro transcription-translation of pL-VP0 and p3A-3D in RRL. The plasmids were subjected to in vitro transcription-translation reactions in the presence of biotinylated lysyl-tRNA for 30 or 90 min at 30°C. Proteins were analyzed by SDS-PAGE and then blotted onto a polyvinylidene difluoride membrane. The biotin-labeled translation products were detected by chemiluminescence. The positions of translation products or cleavage products and molecular mass markers are indicated on the right and left, respectively. (C) In vitro cleavage assay. Biotin-labeled translation products of pL-VP0 and pL-VP0(Q170P) were incubated with unlabeled translation products of p3A-3D for various times at 37°C in the presence of RNase A. Then, biotin-labeled proteins were analyzed by SDS-PAGE and detected by chemiluminescence. As markers, in vitro transcription-translation products of pAV-FL were used. The positions of L-VP0 and VP0 and molecular mass markers are indicated on the left and right, respectively. (D) In vitro cleavage assay in the presence of protease inhibitors. The biotin-labeled translation product of pL-VP0 was reacted with the unlabeled translation product of p3A-3D in the presence of 1 mM PMSF, 2 g of aprotinin/ml, 1 g of pepstatin/ml, and 2 mM EDTA. Aliquots were taken at the indicated times and analyzed by SDS-15% PAGE. The asterisk indicates nonspecific signal, which was also observed in the sample containing no DNA (Fig. 1B, lane  5) . The bromophenol blue dye front corresponds to the bottom of the blot.
by electroporation. At 3, 6, and 9 h after electroporation, cell lysates were prepared and analyzed by immunoblotting with anti-L antiserum. The antiserum reacted with a 17-kDa protein, which accumulated with the passage of time (Fig. 3B) . Since the predicted molecular mass of the intact L protein is 19.4 kDa, it is possible that a small part of the N or C terminus of the L protein was removed in the cells. Thus, the result indicates that the L protein, or a large part of the L protein, is stable in infected cells. (Fig. 4A) . Vero cells were transfected with AV-FL and mutant RNAs by lipofection, and then the virus yields 72 h after transfection were determined by means of plaque assay (Fig. 4A) . Deletion of 93 aa of the center part (⌬43-135), 50 aa of the N-terminal part (⌬4-53), and 90 aa of the C-terminal part (⌬74-163) abolished plaque-forming ability. While a mutant, ⌬114-163, in which 50 aa of the C-terminal part of the L coding region were deleted, generated viable viruses, the virus titer was 4 log orders lower than that of the wild type. These results indicate that the Aichi virus L protein is essential for virus growth. In addition, it was found that aa 114 to 163 are not essential for virus viability but that the deletion of these amino acids markedly affects viability.
Abilities of L mutants to produce viable viruses. To investigate whether the L protein is required for virus multiplication in Vero cells, various deletions were introduced into the L coding region of an infectious cDNA clone of Aichi virus, pAV-FL
It has been reported that picornavirus genomes contain an internal cis-acting RNA replication element (cre) (13, 14, 20, 21, 22) , and cre is located within the coding region in most cases. In order to examine whether the L protein or the Lcoding RNA sequence is required for virus growth, pLfs was constructed. In this mutant, the adenine at nt 765 was deleted and an adenine was added between nt 1233 and 1234, so this mutant should express a protein encoded in a different reading frame from the L coding frame (Fig. 4A ). This mutant, Lfs, did not generate viable viruses (Fig. 4A) , suggesting that the L protein, not the L-coding RNA sequence, is required for virus viability.
The Aichi virus L protein is required for viral RNA replication. We tried to clarify which stage of virus replication is affected by the mutations in the L mutants. First, the mutant plasmids were subjected to in vitro transcription-translation (Fig. 4B ). This suggests that the mutants do not have a significant defect in protein synthesis. However, in p⌬114-163 the amount of VP0 was reduced, whereas the amounts of other proteins were similar in the wild type and ⌬114-163 (lanes 3 and 11). Densitometric quantitation revealed that the VP0/ VP1 ratio in ⌬114-163 was 35% of that in the wild type. The reduction in VP0 observed in ⌬114-163 was probably due to inefficient cleavage at the L-VP0 site caused by the deletion upstream of the cleavage site. We will further investigate below whether the inefficient cleavage at the L-VP0 site is the major cause of the decrease in viable virus produced by ⌬114-163. Next, the RNA replication abilities of the mutants were examined. Vero cells were electroporated with the mutant RNAs, and then total RNAs were extracted from the cells at various times after electroporation and used for dot blot hybridization (Fig. 5A) . No replication of the ⌬43-135, ⌬4-53, ⌬74-163, and Lfs RNAs was detected (Fig. 5A, left) . While the ⌬114-163 RNA replicated as efficiently as the wild type (Fig.  5A, right) . These results indicate that the L protein is required for viral RNA replication and that aa 114 to 163 are dispensable for RNA replication.
The Aichi virus L protein is involved in viral RNA encapsidation. Mutant ⌬114-163 exhibited efficient RNA replication ability (Fig. 5A) but produced a 4-log-order-lower level of viable viruses than the wild type (Fig. 4A) . As described above, in vitro translation analysis (Fig. 4B) suggested that the inefficient cleavage at the L-VP0 site might be the cause of the defect of ⌬114-163 in generating viable viruses. To address this issue further, we investigated protein synthesis in ⌬114-163
RNA-transfected cells by pulse-labeling cells with [
35 S]methionine-cysteine. Between 5 and 6 h after transfection, similar levels of viral protein synthesis were observed in cells transfected with the ⌬114-163 RNA and the wild-type RNA (Fig.  5B) . Importantly, similar amounts of VP0 were accumulated in the wild-type RNA-and ⌬114-163 RNA-transfected cells. This indicates that ⌬114-163 has no defect in protein synthesis or cleavage at the L-VP0 site in cells.
For the reduction in virus production by ⌬114-163, we postulated another possible cause, i.e., that ⌬114-163 is defective in the formation of virus particles. To examine this possibility, we carried out sedimentation analysis of viral particles generated in RNA-transfected cells. Vero cells were electroporated with the wild-type or ⌬114-163 RNA and then labeled with [ 35 S]methionine-cysteine. At 6 h after transfection, the labeled particles were sedimented through a 10 to 30% sucrose gradient, and the gradient was fractionated. As shown in Fig. 6A , both virions and empty capsids accumulated in cells transfected with the wild-type RNA. In contrast, in cells transfected with the ⌬114-163 RNA, empty capsids accumulated efficiently but the number of virions was remarkably decreased. To confirm that the uncleaved L-VP0 is not present in empty capsids generated in ⌬114-163 RNA-transfected cells, the fraction containing empty capsids from ⌬114-163 was analyzed by SDS-PAGE. Empty capsids generated in the ⌬114-163 RNA-transfected cells, as well as wild-type virions and empty capsids, were composed of properly cleaved VP0, VP1, and VP3 (Fig.  6B) . These results show that ⌬114-163 has a defect in RNA encapsidation and, therefore, indicate that the Aichi virus L protein is involved in RNA encapsidation. 
DISCUSSION
Aichi virus encodes an L protein of 170 aa which exhibits no significant sequence homology to those of other picornaviruses, aphtho-, cardio-, erbo-, or teschoviruses or porcine enterovirus 8. In this study, we investigated the function of the Aichi virus L protein in virus growth. In vitro translation analysis and cleavage assays indicated that the L protein has no autocatalytic activity and is not involved in polyprotein cleavage. The L-VP0 protein was cleaved by 3C at Gln 170 -Gly 171 . Characterization of various L mutants derived from an infectious cDNA clone revealed that the L protein is involved in both viral RNA replication and encapsidation. The region spanning aa 114 to 163 was dispensable for viral RNA replication, but deletion of this region remarkably reduced encapsidation efficiency.
The L proteins of aphtho-and cardioviruses have been reported not to be essential for viral RNA replication. L deletion mutants of FMDV (29) , TMEV (1, 6, 24, 40) , and mengovirus (43) can replicate in BHK cells. An encephalomyocarditis virus mutant, in which a large portion of the L coding region is deleted, can also replicate in HeLa cells, albeit with lower efficiency compared to the wild type (11) .
The L deletion mutant of the GDVII strain of TMEV cannot form plaques on mouse L929 cells. The mutant exhibits no severe defects in RNA replication or protein synthesis. It has been shown that the major cause of the inability of this mutant to form plaques on L929 cells is a defect in virion assembly (1) . In L929 cells infected with this mutant, early viral assembly intermediates, like protomers and pentamers, were detected, albeit at reduced levels compared to the wild type, but mature virions and empty capsids were undetectable. Thus, the L protein of the GDVII strain is required for virion assembly at postpentameric stages in L929 cells (1) . On the other hand, the present study showed that ⌬114-163 has a defect in the formation of mature virions but not in the formation of empty capsids, indicating that the Aichi virus L protein is required for the encapsidation of viral RNA. That is, the L proteins of Aichi virus and GDVII must function at different stages during virion assembly.
In vitro translation-cleavage assays indicated that cleavage of the L-VP0 junction by 3C proteinase occurs at the Gln 170 -Gly 171 pair (Fig. 1) . In this experiment, we could detect a cleavage product corresponding to VP0 but failed to detect one corresponding to the L protein ( Fig. 1C and D) . In contrast, on immunoblot analysis with the anti-L antiserum, we detected a 17-kDa protein that accumulated in RNA-transfected cells with the passage of time (Fig. 3B ). This protein detected by the anti-L antiserum migrated slightly faster than expected from the amino acid sequence of the L protein, 19.4 kDa. The L coding sequence contains no in-frame AUG codon other than the initiation codon. This suggests that the L protein is either partially degraded or posttranslationally modified in infected cells. It may be possible that some modification is essential for stability of the L protein and that instability of the L protein synthesized in vitro is due to no or little modification. In the in vitro translation analysis (Fig. 4B) , the pLfs plasmid produced a unique protein (near the bottom of lane 13). This plasmid has frameshift mutations in the L coding region (Fig.  4A ). This unique protein is likely to be a protein that is encoded by a reading frame different from that coding for the L protein. This protein, having an amino acid sequence different from that of L, would be stable in vitro. It is interesting to investigate what modifications, if any, are required for the stability of the L protein in vivo.
Further studies are required for understanding the mechanism by which the Aichi virus L protein is involved in viral RNA replication and encapsidation. In picornaviruses, viral RNA replication and encapsidation are coupled (26, 38) . Picornavirus infection induces rearrangement of intracellular membranes into vesicles, which are associated with nonstructural proteins and viral RNAs (5, 38) , and these membrane vesicles, called the replication complex, are the site of picornavirus RNA replication (4). In the encapsidation process, it is thought that newly synthesized positive-strand RNAs, which accumulate around the replication complex, are associated with capsid precursors attached to the surface of the replication complex (26, 28, 38) . It has been reported that the poliovirus 2C protein is involved in viral RNA replication (19) and encapsidation (39) . The 2C protein migrates to the rough endoplasmic reticulum to induce formation of the replication complex (37) . In addition, the poliovirus 2C protein binds to RNA (2, 5, 32) , and 2C is proposed to be responsible for the attachment of the viral RNA to the membrane vesicles (2, 5) . Membrane binding domains (12, 37) and RNA binding domains (32) have been mapped within poliovirus 2C. We searched the amino acid sequence of the Aichi virus L protein for a transmembrane domain using the SOSUI program (16) , but the program did not identify one. Also, the L sequence does not contain the endoplasmic reticulum retention motif, KDEL (25) . Recently, it was found that a stem-loop structure formed at the 5Ј end of the Aichi virus genome is involved in RNA replication and encapsidation (34, 35) . Analyses of the localization of the L protein in infected cells, and its interaction with viral and host proteins, and viral RNA will help us understand the mechanism of Aichi virus replication.
In conclusion, our data indicate that the Aichi virus L protein is involved in viral RNA replication and encapsidation during virus replication. Such functions of the L protein are unique to Aichi virus among picornaviruses.
